Introduction
In late March 2014, the first cases of Ebola virus disease (EVD) in Liberia were confirmed, but it was dissemination into Monrovia three months later that fuelled the country's unprecedented epidemic [1] . By September, 350 incident cases were being reported per week in Liberia. Amidst response efforts that ranged from school closures to self-quarantine to community-driven active case finding, the growth of the epidemic curve was reversed by November. The unexpectedly dramatic downturn in incidence was attributed to improved access to resources (e.g. ambulances, personal protective equipment for health workers and pharmaceutical intervention) [2] [3] [4] [5] . Willingness to adhere to public health recommendations, including reporting of symptomatic cases and permitting hygienic burials of & 2017 The Author(s) Published by the Royal Society. All rights reserved.
deceased family members, and other behaviour changes have also been implicated in the successful interruption of transmission chains [2, 6] .
Higher Ebola case fatality has been associated with healthcare work and age over 45 years [7] . Characteristics of contacts that may heighten their susceptibility, given exposure, to developing symptomatic disease have also been assessed. For instance, age, sex and exposure type, such as direct or indirect contact with bodily fluids, have been implicated as risk factors among household members of EVD cases and healthcare workers treating cases [8] [9] [10] [11] . Phylogenetic [12] and spatial analyses [13] have indicated that Ebola transmission is highly clustered, with social factors potentially playing a role [14] . However, the factors characterizing networks of Ebola transmission have been less assessed. An interplay of biological (e.g. viral load and symptom severity), behavioural (e.g. infrequent or delayed care-seeking) and environmental factors (e.g. poor sanitation) is expected to contribute to the extent of transmission originating from a given source case. Identifying such factors could inform the development of interventions targeted at index cases who are at the centre of these clusters and who thus may be associated with higher transmission.
Cultural norms in Liberia and elsewhere in Africa are thought to have exacerbated EVD spread [6, 15] . Specifically, caring for the sick at home and preparation of the deceased for traditional funerals result in close contact with highly infectious bodily fluids [16] . Similarly, in the context of poor health literacy and due to the lack of effective, culturally tailored communication about Ebola transmission routes, distrust for top -down response efforts hindered participation in surveillance and case isolation strategies [17, 18] . Given the tendency for women to oversee care for sick and funerary preparation of deceased family members, as well as the disparities in both general and health-specific literacy between males and females in Liberia [19] , gender roles may have translated into differential transmission risk at the household and community levels [20] . Likewise, young children may be responsible for more transmission since they depend on adults to care for them, they are less likely to consciously restrict their contact with others and their understanding of the mechanisms of transmission may be limited or non-existent [21] . Faye et al. [16] mapped transmission chains for Conakry and neighbouring prefectures in Guinea during the first months of the outbreak. Their findings suggested that 88% of transmission events occurred in community settings, specifically among family members, or at funerals. Males and females were associated with similar numbers of secondary transmission events in their study area. A parallel analysis, however, has not been conducted to evaluate epidemiological and clinical factors affecting transmission potential among cases in Liberia.
Contact tracing facilitates active monitoring of those who had exposure to a known case and thus who are at greatest risk for contracting and further transmitting infectious diseases. In low-incidence settings, the approach has been found to be effective in understanding and controlling disease transmission as well as identifying and initiating early treatment for tuberculosis [22] and sexually transmitted infections, including HIV, gonorrhoea and chlamydia [23, 24] . The relative effectiveness of contact tracing compared to such other measures as random screening has been considered for diseases with different transmission routes and levels of incidence. It has been found that the proportion of contacts that must be traced in order to sufficiently interrupt transmission chains and control an outbreak decreases with increasing clustering [25] . Data collected through contact tracing can offer fundamental information about characteristics of cases and their interactions that are most likely to propagate disease and thus facilitate more efficiency in interrupting future transmission chains by identifying potential superspreaders.
To investigate potential differences in the risk of transmission and susceptibility to disease, we analysed contact-tracing data collected in Montserrado County, Liberia, during the 2013-2016 Ebola outbreak in West Africa.
Material and methods (a) Data
The contact-tracing dataset included a line-listing of individuals who were reported to have been in any contact with a case since his or her symptom onset. Data were collected by the Montserrado Health Team as part of the national response under the Liberian Ministry of Health. Upon identification of a suspected case through active surveillance efforts, contact-tracing teams were deployed to interview the case or a proxy, in the event of the case being too ill or already deceased. The contact tracers documented a list of those individuals who were reportedly in contact with the suspected case since his or her symptom onset.
Contact-tracing data were available for cases and their contacts identified between July and October 2014. Date of the report, date of last contact, community and zone of the contact's residence, and individual's status (i.e. became case or not) were included. For cases, age, sex, disease outcome (i.e. dead or alive), community and zone of residence, number of contacts and date of case investigation were also documented. Contacts who developed symptoms and became cases during the study period were also represented in the case database. Information from the contact database, including the source cases reporting them as contacts, and from the case database, including demographic information (i.e. sex, age, disease outcome, number of contacts, and community and zone of residence), were linked through a personal identification code. Open source map databases, including OpenStreetMap and ReliefWeb Map Centre, were used to develop a standardized list of 452 communities, which were located in 21 administrative zones, based on the reported residences of cases and contacts. Prior to analysis, a de-identified dataset was constructed with individuals' assigned surname IDs. All people sharing both a common surname ID and community were assumed to live in the same household. To assess our definition of household, we evaluated the relationship between the number of unique surnames in the contact-tracing database and the number of houses at the zone level. Specifically, we used Pearson's product moment correlation coefficient and tested its significance using a statistic based on a t-distribution to determine whether zones with more houses also had higher numbers of unique surnames. Data for the number of houses were derived from active case finding activities of the CommunityBased Initiative, which mapped Montserrado County to facilitate door-to-door surveillance efforts [6] .
Data from a second source, the case classification dataset, were analysed to determine sex-and age-specific differences in the likelihood of seeking treatment, time between symptom onset and hospitalization, number of contacts reported, case fatality and reported type of contact with suspect or known Ebola cases or other sick individuals. The dataset consisted of suspected, probable and confirmed Ebola cases only, based on the case definition from the World Health Organization [26] . It comprised responses collected during active surveillance case interviews according to the Viral Haemorrhagic Fever Case Investigation Form [27] .
Collection of contact-tracing and case investigation data was authorized by the Liberian incident management system (IMS) as rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160301 part of the national response to a public health emergency. Raw datasets are available as open access electronic supplementary material [14] . Use of the datasets for the current analysis was approved by the Yale University Human Subjects Committee.
(b) Statistical analysis
Statistical analysis of data from contact-tracing efforts in Montserrado County, Liberia was conducted to evaluate factors that elevated risk of Ebola transmission to contacts. Bivariate logistic regression was performed to assess the association between the odds of a contact developing EVD and each of the following variables: gender of the source case, age of source case, survival status of the infective case, and residential proximity between the contact and source case. The age of the source case was included as a threelevel variable: under 15 years, 15-45 years and over 45 years. Residential proximity between cases and their reported contacts was categorized according to four levels: same household, same community but different household, same zone but different community or different zone. Unadjusted odds ratios were calculated by exponentiating the coefficients of the resulting logistic regression models; the corresponding 95% confidence intervals were reported using two-tailed profile-likelihood limits. A multivariate logistic regression model was generated with the four variables to determine adjusted odds ratios and corresponding 95% confidence intervals.
The probability of transmission given sex and age of the source case was determined for each level of residential proximity between case-contact pairs. That is, for example, the probability of a contact of a female or male case developing Ebola disease was evaluated for the entire dataset and separately for case-contact pairs who occupied the same household, the same community but different household, the same zone but different community or different zones.
Between-group differences in continuous and categorical variables were evaluated using t-tests and x 2 or Fisher's exact tests, respectively. p-values less than 0.05 were considered statistically significant.
Results (a) Characteristics of Ebola cases
The case classification dataset included 4373 suspected, probable and confirmed cases and was analysed to assess characteristics of source cases that may have enhanced or reduced transmission potential. Specifically, treatment-seeking behaviour and numbers of reported contacts were evaluated for males and females and for adults and children. Accordingly, sex-and age-related differences in careseeking, time to isolation and number and type of contacts suggested possible differences in transmission potential. In particular, males had a higher case fatality, which could affect their likelihood of transmission as non-survivors of Ebola virus disease tended to harbour greater viraemia than survivors [27, 28] . It was found that adults sought treatment later in terms of time from symptom onset than children and thus likely remained symptomatic in their communities for a longer period of time. Children tended to have been in the same household or shared household items with a suspect or known Ebola case more often than adults.
(b) Probability of transmission by sex, age and geographical proximity Figure 1 . Contact networks of Ebola cases. Secondary transmission was more probable among contacts who were reported by multiple sources. (a) The odds of transmission were higher for within-household contacts between an individual and an infectious case. The probability of transmission was not found to vary significantly between (b) male and female source cases or across (c) age categories. However, transmission within households tended to be more probable when infectious cases were children (less than 15 years) and adults (15-45 years) than when they were older adults (more than 45 years). Figure 2 . Temporal changes in the geographical proximity relationships between cases and their contacts. (a) Contact-tracing data were used to categorize casecontact relationships according to residential proximity (same household, same community but different household, same zone but different community, or different zone). Over three months of the second phase (starting June 2014) of Liberia's outbreak, cases reported increasing contact with individuals in their same households and communities and decreasing contact with people in different communities. There were 611 contacts of incident cases investigated in July, 2509 in August and 2935 in September. Incidence, as the proportion of reported contacts developing disease, decreased over time, probably due to heightened contact-tracing efforts and higher numbers of contacts being reported. Error bars represent the upper limits of the 95% confidence intervals calculated using the normal approximation for the binomial proportion. (b) Overall, the probability of a case -contact interaction resulting in transmission was not significantly related to the sex or age of the symptomatic source, although the transmission probabilities associated with children (less than 15 years) and adult cases (15-45 years) were higher than that associated with older adults (more than 45 years). In particular, when considering the residential proximity between the case and contact, it was observed that the probability of transmission from symptomatic children (under 15 years) and adults (15-45 years) in households was over twice (35/789, 4.4%) that of transmission from older adults (more than 45 years) (6/352, 1.7%). *p-values calculated using x 2 or Fisher's exact tests. Owing to the small number of transmission events for which data are available, a statistical evaluation of temporal trends in the age and sex of contacts becoming cases is limited. However, we note that the proportion of contacts developing disease which was female was higher than that which was male during July, August and September, irrespective of whether the contact was reported by a single or by multiple potential source cases. Children under 15 years constituted an increasing proportion of contacts becoming cases over time (electronic supplementary material, table S2).
Lack of identifiability and causality (i.e. case-contact pairs reporting each other as sources and contacts) was found among 26.4% (24/91) of recorded pairs for which the contact had been associated with multiple cases. This was observed in 8.8% (17/193 ) of individuals among those reported by a single source. The case whose infective dose led to disease could not be determined for contacts reported by multiple cases. Therefore, analyses on source traits were limited to case-contact pairs for which each contact who developed symptoms was reported by a single case only and for which contacts were not listed as potential sources of the cases reporting them. Overall, no significant relationships were found between the sex and age of the source case and the odds with which a contact developed symptomatic disease (table 2) .
Since exposure type was expected to vary across different transmission settings and interaction types, the probability of transmission over different categories of proximity between residences for case and contacts was investigated. Individuals were assumed to reside in the same household if they shared a surname and reported living in the same community. On average, 2.54 (range: 1.68-5.23, s.d.: 0.74) contacts in a given zone shared the same surname (electronic supplementary material, figure S1 ). Using data from the Community-Based Initiative [6] , it was determined that zones consisted of 1891.85 houses on average (range: 381-5616, s.d.: 1291.80). In Liberia, a house may consist of multiple households. A positive correlation was observed between the number of unique surnames and the number of houses across zones (Pearson's correlation coefficient ¼ 0.668, p-value ¼ 0.001). Between July and September 2014, the proportions of contacts that were between communities and between zones decreased, while the proportion of contacts that were within communities and within households increased (figure 2a). Individuals who resided in the same community but different households as a source case were about half as likely to develop disease than individuals living in the same households as their source cases (table 2; OR: 0.46, 95% CI: 0.32, 0.65, p , 0.001). Transmission was not more likely from male or female sources, irrespective of whether they resided in the same household, same community or different community as their contacts (figure 2b). When residing in the same household as their reported contacts, the probability of transmission was higher for children (less than 15 years) and adults (15-45 years) than for older adults (more than 45 years), although the trend between age categories and transmission probability was not statistically significant (figure 2b; p ¼ 0.060). Symptomatic children under 15 years were found to be associated with transmission in 3.5% (4/114) of their contacts, while the probability of transmission among older adults was 1.7% (6/352).
Discussion
Our findings suggest that during a three-month period of peak Ebola virus transmission in Liberia, the probability of contact with symptomatic cases resulting in transmission increased with exposure. Specifically, being in contact with multiple cases, and thus multiple potential sources of transmission, was associated with a higher probability of developing disease. Additionally, exposures between people in different households and different communities were significantly less likely to result in transmission. Most mathematical modelling studies on Ebola interventions (e.g. [5, 28, 29] ) have evaluated the effectiveness of the WHO-recommended strategies [5] . These include the use of personal protective equipment among healthcare workers, implementation of sanitary burial practices, contact tracing and case isolation. However, while the effectiveness of these interventions has been demonstrated, they require specialized training and/or equipment and large-scale human resources. Our study suggests that prevention strategies, such as social mobilization focused on messaging campaigns to interrupt within-household transmission, could be complementary in curtailing transmission. In particular, efforts to educate caregivers and encourage prompt treatment-seeking, especially for children and adults, could minimize infectious contacts. The high risk of disease given contact with multiple infectious individuals could explain the high degree of clustering observed during the outbreak [12] . If an individual were part of a network with multiple cases who had not sought care, this could implicate both biology (i.e. cumulative exposure to virus) and behaviour (i.e. lack of care-seeking and isolation) in heightened susceptibility among certain households. The finding also provides insight into the high case fatalities and infection rates among healthcare workers and offers support for hypotheses of nosocomial transmission to suspected but not infected individuals undergoing testing [30] , who would have been in contact with multiple infectious cases and thus prone to cumulative exposures.
Previous studies have indicated that individuals susceptible to highest viraemia and thus most prone to advanced disease and death transmit to more secondary cases than those with lower viraemia and a higher chance of survival [28, 31] . It has also been demonstrated that male and female Ebola cases have similar viral loads [32] , although males have been shown to be at a slightly greater risk of death [13] . Gender roles in the affected countries may have led to behaviours that increased risk of exposure and subsequent transmission for women in particular. The involvement of gender roles in spreading infectious disease has been broadly discussed [20] . Although we observed sex-based differences in care-seeking behaviour and case fatality, the probability of Ebola transmission was similar for male and female sources. These results are consistent with findings by the WHO Ebola Response Team, which evaluated sex-based differences across all three countries and reported that the time between symptom onset and hospitalization was shorter for females than males and that case fatality was lower among females when compared with males [11] .
The contact-tracing data represent disease dynamics during the first months of widespread transmission in Montserrado County. Until mid-August 2014, there were approximately 20 designated Ebola treatment unit beds in the county [33] . The opening of the Médecins Sans Frontières Ebola treatment unit (ETU) in mid-August expanded capacity by 120 beds [34] . However, daily incidence was over 50 suspected, probable and confirmed cases in September [35, 36] , still far surpassing the number of available isolation beds. By the end of October, after the peak of the epidemic in Liberia, about 620 ETU beds were available; daily admission rates steadied between 10 and 20 new cases in isolation throughout November [37] . While increases in bed capacity were essential to isolating and treating Ebola patients [3, 28] , the plateauing and ultimate reduction in incidence in Liberia have been attributed to community mobilization through active case finding led by community members and effective messaging campaigns facilitated through the Ministry of Health [6, 33] .
We showed that changes occurred in the relative proportions of contacts that took place within versus between households and communities across Montserrado County's epidemic period. Such geographical relationships are probably representative of the type of contact, with shared household contacts resulting in more frequent or intimate interactions than different household contacts. Direct contact with the body or bodily fluids of suspected or confirmed Ebola cases as well as indirect contact via shared items, such as linen or clothes, or via shared space were increasingly reported over time (electronic supplementary material, table S1). Interestingly, when compared with between-zone contacts, contacts with sources in the same community but different households were less likely to contract Ebola. It was observed that within-community behaviour change involved formal social distancing measures, such as school closures and self-quarantining measures by household members of sick individuals, and informal measures, such as reduced numbers of passengers within shared vehicles. These led to less frequent and probably shorter contacts between community members in different households. Furthermore, it is anticipated that outof-zone contacts included friends or family members visiting one another and possibly staying as household guests, while within-community contacts would tend to include meeting in public spaces for casual conversations. Moreover, transmission probabilities within households tended to be associated with age of the source case. Contact with symptomatic children under 15 years resulted in 3.5% chance of transmission, whereas contact with adults older than 45 years resulted in transmission with a probability of 1.7%. Children who developed disease visited the ETU with the same frequency as adults who developed disease, suggesting that prior to treatment-seeking, administering care to children within a household may have occurred more frequently than that for adults who were likely to care for themselves or be isolated.
A limitation of our study is our inexact definition of household, as explicit information on whether individuals lived at the same address was unavailable. However, using this method, individuals within the contact-tracing data were found to, on average, report 3.6 contacts whom we classified as being in the same household. Since the average household size in urban areas of Liberia is 4.9 individuals [38, 39] , we consider our approach to have generally reflected the number of individuals in a household and underestimation would have made our findings conservative. Another limitation involved the timeframe of the available contact-tracing data. Significant shifts in behaviour and increases in intervention implementation, such as community-mandated reporting of visitors from different zones and the use of hygiene kits by female caregivers, were occurring in late September and October 2014. Changes in transmission potential that may have been associated with these changes in behaviour could not be assessed, given the sparse data available during October as methods of documentation and databases were transitioning. Furthermore, our analysis depends on the completeness and correctness of the data collected. Underreporting of both cases and/or contacts could be associated with fear of stigmatization, distrust for the governmental and/or international response, and insufficient human and other resources in the early months of the epidemic. Data on children, in particular, rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160301 may be underreported if caregivers were wary of the response and sought to protect symptomatic children. Additionally, cases diagnosed post-mortem may not have been traced if a surrogate interviewee were not available. The absence of these contacts, however, is expected to have also rendered our findings conservative.
Conclusion
Contact-tracing data from a period of intense Ebola spread in Montserrado County, Liberia provide evidence for elevated risk of disease among individuals exposed to multiple infectious cases. Age-based differences in transmission probability were observed for within-household contacts. Our results were most pronounced for within-household contacts.
Our results suggest that interventions encouraging immediate reporting of symptomatic cases to limit household exposures would have the potential for significant reductions in the incidence of Ebola. 
